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ABSTRACT 

Comparisons are i l lus t ra ted  between calculations which were done by 
various groups. These groups are located a t  the Oak Ridge National 
Laboratory, a t  Los Alamos, and i n  the Brookhaven area. Experimental data 
a r e  included with each comparison. 
par ts  of the secondary proton and neutron spectra t h a t  l i e  above about 
20 MeV and tha t  a re  measured a t  various angles. The interactions are 
140- and 160-MeV protons on several elements ranging from 8luhinum'to 
bismuth. The calculation t h a t  d i f fe rs  most from experimental resul ts  
i s  probably the Brookhaven calculation, which i s  the la tes t  and most 
detailed. The differences are apparently due t o  the inclusion of re- 
f lec t ion  and refraction effects i n  the calculation. When these effects  
are not included, the resul ts  from the calculations of a l l  three groups 
are very similar. 

The data tjeing considered a re  those 
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0 
COMPARISON OF 'EE RESULTS OF CAIXNLATIONS DONE AT DIFFEXEXI! LABORATORIES 

WITH EACH OTHER AND WITH EXPEWMENTS ON TKE SECONDARY PROTON 
AND NEUTRON SPECTRA FROM PROTONS AT 140 AMD 160 MeV ON NUCLEI 

I, INTRODUCTION 

This memorandum is  intended to  i l l u s t r a t e  the resu l t s  of calculations 

performed by different  groups on the secondary par t ic le  spectra from 140- 

and 160-MeV protons incident on various elements, 

haven and Los Alamos groups are preliminary i n  nature and were kindly sent 

t o  the  author at his request. 

The data from the  Brook- 

A l l  of the  calculations a re  of the same general type, i.e., Monte- 

Carlo cascade calculations. 

the  properties of the nucleus which i s  being b d a r d e d .  

They d i f f e r  i n  the assumptions each makes about 

There i s  a l so  a 

difference i n  the sampling technique which i s  used t o  determine the col- 

l i s i o n  points and the  types of particle-particle reactions t h a t  occur within 

the nucleus for  each cascade par t ic le .  

t ha t  were used i n  each calculation a r e  essent ia l ly  the same. 

The free par t ic le  cross sections 

11. ORNL CALCUIATION 

The de ta i l s  of the author's calculations done a t  ORNL a re  given i n  

reference 1. Briefly, the nucleus i s  assumed t o  be made up of three 

concentric spheres, i.e., a central  sphere and two surrounding spherical  

annuli. 

Tram sphere t o  sphere as one goes fromthe inside t o  the outside. 

The proton density w i t h i n  each sphere i s  constant, but it decreases 

This 

density dis t r ibut ion is  made t o  approximate the  Fermi-type continuous charge 

dis t r ibut ion of Hofstadter ," The spherical boundaries apply t o  the neutrons 

as w e l l  as the  protons, and the neutron t o  proton density i n  each region 

i s  the  same as the neutron t o  proton r a t i o  i n  the nucleus. The densi t ies  

are such tha t  if one takes the sum over the three regions of the  product 

of density times volume in  each region the sum w i l l  equal the atomic number 

or  the neutron number of the  nucleus. 

Preceding page blank ~ 

~ ~ 
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Associated with each region there  i s  a negative potent ia l  fo r  the  

protons and one f o r  the neutrons t o  account fo r  the nuclear forces. The 

depth of t he  w e l l  for  each region i s  equal t o  the sum of the zero temper- 

ature Fermi energy (calculated fram the neutron or proton density) plus a 

binding energy, The binding energy i s  a r b i t r a r i l y  assumed t o  be the same 

fo r  each region and fo r  both protons and neutrons, and it i s  the same fo r  

a l l n u c l e i ,  As an incident pa r t i c l e  passes frm one region t o  another, i t s  

kinetic energy increases or decreases a s  the well depth increases or  

decreases, The bound nucleons within the nucleus i n  each region are assumed 

t o  have the zero temperature Fermi Energy dis t r ibut ion appropriate t o  that 

region. 

The cut  off  energy of the cascade calculation, i.e., the energy below 

which the  par t ic le  h i s to r i e s  are no longer followed inside the nucleus, is  

arbitrarily assumed t o  be the depth of the potent ia l  of the region i n  which 

the pa r t i c l e  is located (neutron potent ia l  for  cascade neutrons and proton 

potent ia l  f o r  cascade protons) plus one-half the coulamb potent ia l  a t  the  

surface of the nucleus .* 
As the cascade reaction progresses the  depletion of the nucleus i s  not 

taken in to  account. 

The sampling technique tha t  i s  used is  described i n  detail elsewhere? 

Very br ief ly ,  it consists of first estimating a maximum macroscopic cross 

section f o r  the region. 

a type of reaction a r e  selected using this cross section along with 

Then a distance of t ravel ,  a struck par t ic le ,  and 

r . 

*It should be real ize  that the outer radius of each nucleus i s  not deter- 
mined by r = (l.B)nl% but i s  the  radius a t  which the  continuous charge 
dis t r ibut ion functiona reaches 0.01 of i t s  density at  r = 0. 

- 
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appropriate sampling and rejection techniques. Since one has chosen a 

maximum cross section (minimum mean free path) one r e j ec t s  and se lec ts  

another distance of t r a v e l  successively (each distance is  added t o  the 

sum of the  first distance and the other distances selected) and often 

enough so tha t  the correct mean free path i s  selected, on the average. 

This sanpling technique i s  exact, i.e., it samples correct ly  from the  

proper dis t r ibut ion functions . 
The procedure i s  f a i r l y  ccmplicated because variables not normally 

encountered i n  ordinary transport calculations are introduced by the fact  

that the struck nucleons a re  i n  motion. For example the center of mass 

energy changes s ignif icant ly  when a cascade par t ic le  s t r ikes  a bound nucleon 

whose momentum vector i s  an t ipara l le l  t o  that of the cascade par t ic le  as 

opposed t o  t h a t  when the cascade par t ic le  strikes one whose momentum vector 

i s  paral le l .  

are  dependent on the vector momentum of  the struck par t ic le ,  and so i s  the 

Hence, the cross sections f o r  a l l  of the possible reactions 

reaction rate .  

effects  i n to  account. 

I n  addition t o  this the expressions m u s t  take r e l a t i v i s t i c  

Reflection and refraction effects a re  not included. 

111. BROOXHAVEN CAZXNLATION 

The calculation being done by a group located i n  the Brookhaven area 

d i f fe rs  from the ORNL calculation i n  the following respects: 

There a re  seven spherical regions instead of three, where the density 

dis t r ibut ion i s  again made t o  approximte Hofstadters Fermi-type charge 

dis t r ibut ion . a 

There i s  a neutron and proton negative potent ia l  for  each region as 

before. The depth o f t h e  well in each region is  calculated t o  be the sum 
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of a zero temperature Fermi energy plus a t inding energy which i s  the  same 

for  each region, but i n  t h i s  case the binding energy varies from nucleus 

t o  nucleus. 

The cut off energy fo r  neutrons i n  any region i s  

energy i n  that region plus twice the binding energy. 

the neutron Fermi 

The cut off energy 

protons i s  e i ther  the proton Fermi energy plus twice ,he binding energy 

f o r  

r 

the proton F e d  energy plus the binding energy plus the  coulomb potent ia l  

a t  the nuclear surface, whichever sum i s  larger.  

Nuclear depletion i s  not taken in to  account. 

The sampling technique is  exact, and it t races  the  cascade h i s to r i e s  

i n  time rather  than space. 

The most significant change, however, i s  that t h i s  calculation attempts 

t o  account for reflection and refraction e f fec ts  as the cascade par t ic les  

cross the region boundaries. 

The energy dis t r ibut ion of the bound nucleons i s  the  saae as the ORNL 

calculation. 

The people associated with t h i s  calculation are Catherine Chen 

(Coltmibiz University), Z. Fraenkel (Wiesmann Ins t i tu te ,  I s rae l ) ,  G. Friedlander 

(Elrookhaven), J. R. Grover (Brookhaven), J. M. Miller (Columbia University), 

and Y. Shimamoto (Brookhaven). 

IV. M S  ALAMOS CAICUIATION 

The calculation of the Los Alamos group includes the following 

assmnpt ions : 

The density dis t r ibut ion of the nucleons inside the nucleus i s  assumed 

t o  be the  same as Hofstadters Fermi-type charge distribution,a but i n  

determining the  point of col l is ion along a par t icu lar  trajectory,  the average 

t 
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4 cross section along tha t  trajectory i s  used f irst  i n  calculating the  

probabili ty of col l is ion inside the nucleus. 

col l is ion w i l l  occur, the t ra jectory i s  broken up in to  segments t ha t  a r e  

0.D i n  length, an average density is calculated for  each length, and thaz 

using these average densi t ies  the col l is ion point x i th ln  one of these s e @ x t ;  

i s  determined. 

When it i s  decided that a 

There i s  a negative potential  associated with the  nucleus, but it i s  

I ts  magnitude i s  the  s u e  assumed t o  be constant throughout the nucleus. 

as that of the  e a r l i e r  work of Metropolis e t  a lV4 i.e., the  well depth is 

the  sum of a zero temperature Fermi energy and a binding energy, 

temperature Fermi energy i s  calculated from the density of a nucleus vY-icLw 

i s  assumed t o  be constant where the nuclear radius i s  given by r = (1.3F) x A *  

The binding energy varies with the nucleus? 

The zerc- 

L'3 . 

The energy dis t r ibut ion of  the bound nucleons is  assumed t o  t h a t  g 5 . v ~  

by t h e  zero-temperature Fermi dis t r ibut ion just mentioned. 

the 

r =  

The cut off energy for protons i s  the well depth for  protons plus 

coulomb potent ia l  a t  the surface of the  nucleus w i t h  a radius of 

(1.9) x A1/3 , The cut off energy for neutrons i s  the  same as  for  

protons, but since the neutron energy i s  measured from the  bottom of the  

neutron w e l l ,  and t h i s  well i s  usually deeper than the proton well, the 

neutrons can usually escape with smaller energies than the protons. 

Nuclear depletion i s  not taken in to  account. 

The s a p l i n g  technique tha t  i s  used t o  determine the distance of trav6.l 

i s  described above, The selection of the type of reaction i s  based on thi? 

macroscopic cross sections, and the struck par t ic le  i s  selected from a 
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Fermi-momentum distribution which i s  isotropic i n  momentum space .* 
overall selection procedure i s  an approximation t o  those used by ORNL and 

This 

'f2.e Brookhaven groups. 

Reflection and r e f r a c t i m  effects  are  not considered. 

The men doing the  bulk of the  work a re  Donald R. Cochran, John Woot-en, 

,md Robert Bivins, a l l  of Los Alamos. 

V, COMPARISONS OF TKE CALCULATED SPECTRA 
WITH EACH OTHER A h ?  1l"H EXPERIMEDT 

The neutron spectra i n  the  forward direction from 143-MeY protons on 

al~minum and lead a re  i l l u s t r a t ed  i n  Figs. 1 and 2, where the ORNL m d  

Brookhaven calculations a re  shown along with the experimental data of 

Bowen -- e t  al.' Neither calculation does too well i n  comparing with the experi- 

writ, There is i l l u s t r a t ed  i n  Fig,  2 a rather  t yp ica l  r e su l t  from the  

Erookhaven calculation, and that i s  t h a t  the inclusion of ref lect ion and 

refract ion effects  i n  the calculation suppresses the "quasi-elastic" peak 

for  heavier target nuclei ,  

Figs, 3-6 contain comparisons between the  ORNL and Los Alamos 

zslc=zbtions and the experiments of Roos and Wall' for  the secondary protons 

.sit.ted a t  various angles from 160-MeV protons on beryllium. 

The calculations give somewhat different  r e su l t s  a t  20' and 400, but 

Of the  two, the Los Almos a re  essent ia l ly  the same a t  t h e  wider angles. 

.*es&t s compare more favorably with the experimental data. 

e 

*D. R. Cochran of Los Alamos was not sure about t he  i s o t r q y .  
fi l o ~ g  time since he has worked on the code when he was asked about it over 
%ha @wne. 
o.z.3r.r t o  account fo r  the  energy dependence of t he  cross sections aS 
~y Wtropol is  -- e t  a i ?  

It had been 

An anistropic dis t r ibut ion of struck par t ic les  may be used i n  
dCxx 



Fig. 1. Secondary neutron spectrum a t  2.5' f rm 
143-MeV protons on aluminum. Solid-line curve: ex- 
perimental spectrum of Buwen e t  al .  (Ref. 51); c i r c l e s :  
calculated data of t he  Broo&ergroup f o r  neutrons 
emitted i n  the  angular in te rva l  0 - 8O where r e f l ec t ion  
and r e f r ac t ion  a r e  included i n  the  calculation; so l id-  
l i n e  histogram: calculated spectrum of t he  ORNL group 
fo r  neutrons emitted i n  t h e  angular i n t e r v a l  0 - 5' frm 
140-MeV incident protons. 
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I Fig. 4. Secondary proton spectrum at  40' 
frm 160-MeV protons on beryllium. Solid-line 
curve: experimental spectrum of Row and Wall 
(Ref. 6); squares: calculated da ta  of the  Los 
ALamos group f o r  protons emitted i n  t h e  angular 
in te rva l  38 - 42'; so l id- l ine  histogram: ca l -  I 

culated spectrum of the  ORM; group for rotons , 
emitted in  the  angular i n t e rva l  35 - 45 . 
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Fig. 5. Secondary proton spectrum a t  60° 
Solid- l ine 

experimental spectrum of Roos and Wall 
calculated data of the Lo8 

from 160-MeV protons on beryllium. 
curve: 
(Ref. 6 ) ;  squares: 

SECONDARY PROTON ENERGY (MEV) 

0 



b 

Mg. 6.  Secondary proton spectrum a t  80' 
Solid-line 

experimental spectrum of Roos and W a l l  
calculated data of t he  Los 

from 160-MeV protons on beryllium. 
curve: 
(Ref. 6); squares: 

e 
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b The proton spectra a t  various angles from 16O-MeV protons on aluminum 

are  i l l u s t r a t ed  i n  Figs. 7-10 for the ORNL and Brookhaven calculations and 

the  experimental data of Peelle e t  The calculations a re  i n  reasonable 

agreement with each other at  all anzles. 

the  experimental resu l t s  at  a l l  angles except 3 6 .  However, the energy 

resolution of the experiments was not stringent enough t o  detect t he  peaks 

predicted by the  calculations at  3 6 ,  but even without t h i s ,  the  agreement 

i s  fair. 

-- 
There i s  a l so  good agreement with 

Figs. 11-18 contain samples of everything. The proton spectra at 

various angles from 160-MeV protons on cobalt a re  i l l u s t r a t ed .  

between the Los Alamos and ORNL results are i l l u s t r a t ed  i n  Figs. 11, 12, 

13, and 18. The greatest  discrepancy between the two calculations i s  at 

2@, Fig. U, there  a peak from the Los Alamos r e su l t s  l i es  between 110 and 

120 MeV while that from the ORNL resu l t s  l i e s  between 130 and 140. 

"quasi-elastic" peak is  predicted by the Los Alamos calciilation. 

Fig, 12, the  differences between the two resu l t s  i s  fairly minor. 

b a l l  comparison of the two calculated resu l t s  with experiment would give Los 

Alarnos the edge, 

a r e  essent ia l ly  the same. 

Comparisons 

A larger  

A t  h@, 

An eye- 

A t  60' and 80°, Figs. 18 and 13, the calculated resu l t s  

Figs. 14, 15, 16, and 17 are quite interest ing because they contain 

the  results of the Brookhaven calculations tha t  were done with and without 

considering the  e f fec ts  of reflection and refract ion,  

re f lec t ion  and refraction at  36) and 4 9  (Figs. 14 and 1 5 )  i s  t o  suppress 

the  quasi-elastic peak, but i n  doing so the  number of par t ic les  escaping a t  

these energies i s  reduced t o  the  point where they a re  s ignif icant ly  different  

from the number predicted by the  experiments. 

The ef fec t  of 

A t  these angles, the Brookhaven 



Fig. 7 .  Secondary proton spectrum a t  30' 
from 160-MeV protons on aluminum. Crossed e r ro r  
bars:  experimental da ta  of Pee l le  et g .  (Ref. 7); 1 

c i rc les :  calculated data of the  Brookhaven group 
f o r  protons emitted i n  the  angular i n t e rva l  26 - 
37' where r e f l ec t ion  and r e f r ac t ion  are included 
i n  the  calculation; so l id- l ine  histogram: ca l -  

emitted i n  the  angular i n t e rva l  20 - 40 . 
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Fig. 8 .  Secondary proton s p e c t m  a t  45' 
from 160-MeV protons on aluminum. 
bars:  experimental da ta  of Peelle e. ( R e f .  7); 

Crossed e r r o r  
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Fig. 11. Secondary proton spectrum a t  20' 1 1 

from 160-~ev  protons on cobalt .  Solid-line curve: 
experimental spectrum of Roos and Wall f o r  protons 
emitted a t  20' from 160-MeV incident protons on 
nickel (Ref. 6 ) ;  squares: 
t he  Los Alamos group f o r  protons emitted i n  the  
angular i n t e rva l  18 - 22'; so l id- l ine  histogram: 
calculated spectrum of the ORNL group for protons 
emitted i n  the  angular i n t e rva l  15  - 25'. 

calculated da ta  of 
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Fig. 12. Secondary proton spectrum a t  40° ' ' from 160-MeV protons on cobalt. Solid-line curve: 
experimental spectrum of Roos and Wall f o r  protons 
emitted a t  40' from 160-MeV incident protons on 
nicke l  (Ref. 6); squares: calculated da ta  of t he  

emitted i n  the angular in te rva l  35 - 45'. 
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Fig. 13. Secondary proton spectrum a t  80' 
from 160-MeV protons on cobalt .  
experimental spectrum of Roos and W a l l  for pro- 
tons emitted a t  80' frm 160-MeV incident protons 
on nickel (Ref. 6) ;  squares: 
of the Los ALamos group f o r  protons emitted i n  
the angular i n t e r v a l  78 - 82"; so l id- l ine  h is to-  

' gram: calculated spectrum of the  ORNL group for 
protons emitted in t he  angular i n t e rva l  70 - 90'. 

Solid-line curve: 
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c a l . c U t i m  without refraction compares w e l l  with the  ORNL calculation. 

poor hi& energy resolution of the  experiments makes it d i f f i c u l t  t o  make a 

statement about the agreement with experiment, par t icular ly  at 3 6 .  One 

does see a peak a t  2@ and 46 (Figs. 11 and 12) from other experimen*al 

data,6 which lends credence t o  the predicted shape of t he  spectrum from the  

ORNL and Brookhaven (without re f lec t ion)  calculation. 

The 

A t  9 6  and 12@ (Figs. 16 and 17 ) the  Brookhaven calculation vithout 

ref lect ion and refraction and the ORNL calculations y ie ld  r e su l t s  which a re  

almost identical .  

lower than the  experimental spectra. 

includes reflection and refraction yields r e su l t s  which are more consistent 

with the  experiments. 

The magnitude of these spectra, however, are noticeably 

Here the Brookhaven calculation that 

With the  exception of t he  low energy par t  of the Roos and Wall' data, 

a l l  of the  data are  i n  reasonable agreement f o r  the  spectra at  60' which a re  

i l l u s t r a t ed  i n  Fig. 18. 

The proton spectra a t  3 6  from 160-MeV protons on a heavy element, 

bismuth, a re  i l l u s t r a t ed  i n  Fig. 19. 

e l a s t i c  peak, while the  Brookhaven calculation that includes re f lec t ion  and 

ref'raetion and the experiments give no indfcation of a peak. 

troublesome disagreement between both se t s  of calculations and the  

experiment is that the  number of par t ic les  emitted at  this angle i s  under- 

estimated by both sets of calculations. 

The ORNL calculations y ie ld  a quasi- 

The most 

There w i l l  be no attempt made t o  summarize a l l  of the  results presented 

here. 

w 
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